Abstract This work presents a numerical study to investigate the performance of circular highstrength steel tubes filled with concrete (CFT) under monotonic axial loading. A model is developed to implement the material constitutive relationships and non-linearity. Calibration against previous experimental data shows good agreement. A parametric study is then conducted using the model and compared with codes provisions. Strength and ductility of confined concrete are of primary concern. Variables considered are yield stress of steel tube and column diameter. The assessment of column performance is based on axial load carrying capacities and enhancements of both strength and ductility due to confinement. Two parameters namely strength enhancement factor (K f ) and ductility index (l) are clearly defined and introduced for assessment. Results indicate that both concrete strength and ductility of CFT columns are enhanced but to different extents. The ductile behaviors are significantly evident. The increase in yield stress of steel tube has a minimal effect on concrete strength but pronounced effect on concrete ductility. However, reduction in ductility is associated with using high-tensile steel of Grade 70. The overall findings indicate that the use of high-strength tube in CFT columns is not promising. This finding may seriously be considered in seismic design. All rights reserved.
Introduction
Cold-formed steel tubular members have become popular in seismic regions, especially, for high rise structures [1] . Tests have been performed by Walpole [2] , Jain et al. [3] , Sherman and Sully [4] and Grzebieta et al. [5] on cold-formed hollow section members. The results showed that the capacity of cold-formed tubular members reduced significantly due to local buckling in the sections and the magnitude of the local buckles became tremendous under quasi-static or cyclic loading.
At that point, concrete filled steel tube (CFT) columns were introduced and used to improve the load carrying capacity, ductility and to prevent or delay local buckling of tubular sections under different loading history. Actually, CFT columns comprise of two different materials with distinctly different behavior especially that concrete is neither homogeneous nor isotropic material. Hence, the failure mechanism depends to large extent on the shape, length, diameter, and tube's thickness, in addition to concrete and steel grades. Other parameters such as steel-concrete bond, concrete confinement, residual stresses, creep, shrinkage, and type of loading may also have pronounced effect [6] [7] [8] [9] [10] [11] . Many investigations on CFT columns were reported elsewhere [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] where numerical and experimental studies on the behavior of CFT columns for different shapes, dimensions and material strengths were explored.
The confinement effect introduced by the steel tube in the concrete core is an important aspect of the structural behavior of CFT columns. According to Susantha et al. [25] , Shanmugam and Lakshmi [26] , and Sakino et al. [16] , the confinement mechanism in the early stages of loading is minimal and can be neglected, since the Poisson coefficient of the concrete is smaller than the steel Poisson's coefficient. Therefore, the steel tube expands faster than the concrete core in the radial direction and the steel tube does not restrain the concrete core. At this point, no separation does exist between the steel and the adjacent concrete. However, when the applied load reaches the uniaxial strength of concrete, the concrete microcracking initiates and propagates. The concrete lateral expansion reaches its maximum, mobilizing the steel tube and efficiently confining the concrete core. The ultimate capacity of the CFT columns is therefore higher than the sum of the resistance of their components. The radial stress introduced by the steel tube on concrete is responsible for the additional resistance of the concentrically loaded CFT columns where the concrete core is subjected to a triaxial stress state and the steel tube is under a biaxial stress state [27] .
On the other hand, results reported by numerous researchers [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] showed that the beneficial effect of confinement on improving strength and ductility is affected by other parameters such as the diameter-to-thickness ratio (D/t), length-to-diameter ratio (L/D), eccentricity of the load (e/D), strength and stiffness of the materials, and cross configuration. It is of interest to recognize that the analyses of these previous studies did not mostly differentiate between the possible difference in the degrees of enhancements in strength and ductility as affected by studied parameters. The urgent need of such information in case of CFT columns is essential especially for high steel grades.
Research significance
Ductility and strength are among the improved features of concrete-filled steel tubular column. In such cases, the beneficial effect of concrete confinement is well known; however, the degree of efficiency of steel tube with different grades to enhance the brittle performance of concrete is still a matter of arguments among researchers. From general prospective, it is believed that higher yield stress of steel tube is preferable for confinement mechanism. Actually, this may not be true for both strength and ductility. The most adequate steel grade required for improving strength or ductility may be differ and is obviously questionable. This point is directly addressed herein. This paper provides investigation of this subject using a powerful finite-element software package 'ANSYS' [28] . The work highlights on the axial deformation and failure behavior of steel-concrete assembly. The study provides useful information about the degree of enhancement in both concrete strength and ductility as affected by the column diameter and yield stress of steel as well. The current study may serve as a basis for cost consuming introducing in Egypt. The assessment of different variables is explored. The work concludes performance-based guidelines that may be useful in codes provisions and may seriously be considered for columns subjected to seismic-type loading.
Finite element model

Finite element type and mesh
Owing to the thin-walled nature of the steel tube, shell elements were employed to model the steel tube. The four-node shell element with reduced integration SHELL181 has been utilized in this study. This element has six degrees of freedom per node and provides an accurate solution to most applications. The mesh was chosen to be relatively coarse based on the studies of Wu [29] who recognized that the mesh refinement has very little influence on the numerical results. For concrete core, three dimensional eight-node solid elements, so called SOLID65, was used. To simulate the bond between the steel tube and the concrete core, the contact interaction model in ANSYS [28] is utilized. A surface-based interaction with a contact pressure-over closure model in the normal direction, and a Coulomb Friction Model in the tangential direction to the surface, are used. In order to construct contact between two surfaces, the slave and master surfaces must be chosen successfully. Generally, if a smaller surface contacts a larger surface, the best is to choose the smaller surface as the slave surface. If the distinction cannot be made, the master surface should be chosen as the surface of the stiffer body or as the surface with the coarser mesh if the two surfaces are on structures with comparable stiffness. The stiffness of the structure and not just the material should be considered when choosing the master and slave surface. Herein, the steel tube is less stiff than the concrete core even though the steel material has a higher stiffness than the concrete material. Therefore, the steel surface is chosen as the slave surface whereas the concrete core surface is chosen as the master surface.
Material constitutive models
CFT columns comprised of steel and concrete materials. The uniaxial behavior of the steel tube can be simulated by an elastic-perfectly plastic model with an associated flow rule. When the steel tube is subjected to multiple stresses, a von Mises yield criterion, F, is employed to define the elastic limit, which is written as
where J 2 is the second stress invariant of the stress deviator tensor and r 1 , r 2 , and r 3 are the principal stresses. For concrete core, circular CFT columns with small D/t ratios provide high considerable confinement for the concrete. In this case, an equivalent uniaxial stress-strain relationship for confined concrete should be used. On the other hand, high D/t ratios provide inadequate confinement for the concrete, therefore the uniaxial stress-strain relationship for unconfined concrete should be used. Mander et al. [30] defined the limiting D/t, ratio between confined and unconfined concrete to be equal to 29.2. In this model, Poisson's ratio, m c , in the elastic part of concrete under uniaxial compression stress is taken equals to 0.2 according to ASCE [31] . Fig. 1 presents the equivalent uniaxial stress-strain curve for confined concrete, as well as the unconfined stress-strain concrete curve [30] . Three parts of the curve have to be identified in the case of confined concrete. The value of e c is taken equals 0.003 as suggested by ACI Committee 318/318R [32] . The confined concrete strength, f cc , and the corresponding strain, e cc , may be calculated from equations:
where f c , e c and r lat represent the unconfined concrete strength, corresponding strain and the confining pressure around the concrete core, respectively. Because the concrete in the CFT columns is usually subjected to tri-axial compressive stresses, the failure of concrete is dominated by the compressive failure surface, expanding with increasing hydrostatic pressure. Hence, a linear Drucker-Prager yield criterion is used to model the yield surface of concrete. The first part of the curve is assumed to be an elastic part up to the proportional limit, which is taken as 0.5f cc . The initial modulus of elasticity, E cc , is highly correlated to its compressive strength and can be calculated from the empirical equation of ACI Committee 318/318R [32] as follows:
The second part of the curve is the nonlinear portion, starting from the proportional limit stress, 0.5f cc , to the confined concrete strength, f cc . The stress-strain relationship proposed by Saenz [33] has been widely adopted as the uniaxial stressstrain curve for concrete and it has the following form:
where R ¼ REðRrÀ1Þ ðREÀ1Þ
and R r = 4, R e = 4 may be used, as recommended by Hu and Schnobrich [34] .
In the analysis, Eq. (5) is taken as the equivalent uniaxial stress-strain curve for concrete when the concrete strain, e, is less than e cc , as can be seen in Fig. 1 . When e > e cc , a linear descending line (the third part of the curve) is used to model the softening behavior of concrete. If k 3 is defined as the material degradation parameter, the descending line is assumed to be terminated at the point where f c = rk 3 f cc and e = 11e cc . To account for the effect of different concrete strengths, the degradation parameter, k 3 , should be multiplied by an additional reduction factor, r, which is taken as 1.0 for f cu = 30 MPa and 0.5 for f cu P 100 MPa with linear interpolation for f cu between 30 and 100 MPa. On the other hand, the values of the parameters r lat and k 3 are determined by matching the numerical results with the experimental data.
Boundary conditions and load application
The concrete-filled steel column is modeled as pinned-roller member. Due to symmetry, only on fourth of the column is analyzed. Symmetric displacement boundary conditions are defined for the nodes along the two planes of symmetry. A uniform distributed load is applied statically at the top of the upper end of the column using a thick plate using the displacement control. The load is applied in increments using the ArcLength method available in the ANSYS library. Fig. 2 shows the finite element mesh and the boundary conditions of the analyzed CFT column.
Verification of the developed model
The results of the developed model using the nonlinear finite element program ANSYS [28] is calibrated against experimental data. Table 1 summarizes the material properties and geometries of six CFT columns reported by Schneider [10] and Huang et al. [14] . The comparisons are given below in Fig. 3 . Fig. 3 shows the axial load versus axial strain for the six verified CFT columns using the proposed model in conjunction with the experimental results of Schneider [10] and Huang et al. [14] . The figure clearly demonstrates that the model is capable of predicting the load-strain relationship of the investigated CFT columns with good accuracy. It is obvious from the curves that the results are in good agreement with the experimental data. It is strongly believed that the developed model provides good opportunity to outline trends in the behavior of CFT columns under axial loads as affected by different parameters. The model is therefore used in the coming section to study the pre-selected variables affecting the performance of CFT columns. Figure 3 Verification of the developed model.
Parametric study
The parametric study is conducted using the model on nine circular CFT columns to investigate the effect of two main parameters on columns performances. The load carrying capacity and ductility of CFT columns are explored. The first examined parameter is the yield stress of the steel case. Three yield stress values equal to 240, 360 and 520 MPa are considered. The second parameter is the column diameter that is taken equal to 100, 140 and 200 mm. It should be pointed out that all analyzed CFT columns have circular cross-section with diameter to length ratio, L/D equals to 3, and diameter to thickness ratio, D/t equals to 50. The compressive strength of the unconfined concrete, f c is kept constant at a value of 30 MPa, while the concrete elastic modulus is taken as, E cc = 20 GPa. Poisson's ratio of concrete is assumed throughout the study to remain at its minimum value of m c = 0.20 to attain the minimum level of confinement contribution. It is believed that this assumption should be adopted to ensure conservative design.
Results and discussions
The numerical results of studied columns are listed in Table 2 while the axial load carrying capacity versus axial strain for all columns is illustrated in Figs. 4-6 . The effects of column diameter and yield stress of tubular steel on confinement effectiveness with respect to strength and ductility are critically explored and presented graphically in Figs. 7-15 . The subsections below discuss the effect of the studied parameters.
Capacity aspects
The failure mode of the analyzed columns was identified as fully material plasticity of the steel tube. It was noticeable herein that the mode of failure of CFT columns was not changed by changing both studied parameters. On the other hand, Figs. 4-6 depict that the axial load decreased slowly in the post-peak region, indicating reasonable ductility performance for CFT columns. Large columns with diameter 200 mm could not undergo relatively large axial strain (0.032) as compared to a strain of 0.046 achieved by smaller columns (100 mm in diameter).
It should be pointed out that the maximum axial carrying capacity in CFT column increases with increasing the column diameter as also seen in Table 2 and Fig. 7 . Generally, increasing the diameter much increases both stiffness and capacity. For example, when the diameter increases from 100 mm to 140 mm (40%), the axial capacity of the column improves by up to 95%. Actually, this improvement may be due to increasing the yield stress of steel case which leads to much confinement to the concrete core. Besides, increasing the yield stress of the steel case increases its vertical contribution to the axial ultimate capacity of CFT column. Furthermore, the results show that for the same column diameter that the axial capacity, P FE , increases by 18% and 42% as the steel yield stress increases from 240 MPa to 360 MPa and 520 MPa, respectively. From another point of view, the confinement contribution on the axial carrying capacity of CFT columns is calculated by subtracting the contribution of steel case and concrete core column from the total axial capacity determined by the developed model. Hence, the confinement contribution, w, may be written as
Fig . 8 shows that increasing the diameter of column decreases the confinement contribution on the axial capacity of CFT column. Meanwhile, increasing the yield stress of the steel case increases the confinement contribution of CFT column. For example, the share of the confinement contribution is 10.6%, 9.9% and 9.1% for steel yield stress, f y = 240 MPa and diameter size equals 100, 140 and 200 mm, respectively. On the other hand, for steel yield stress, f ey = 520 MPa the share of the confinement contribution is 7.0%, 6.6% and 5.9% for the same diameter sizes. Strength and ductility aspects are discussed latter sections.
Strength aspects
The improvement in concrete strength due to the developed confining pressure may be seen in Fig. 9 where the strength enhancement factor designated as (K f ) is plotted against the column diameters for different values of steel yield. The term K f simply represents the ratio between the strength of confined concrete (f cc ) to the strength of unconfined concrete (f c ). The term f cc is determined using the following expression:
where A s and f y are the cross-sectional area and the yield stress of steel tube, while A c is the cross-sectional area of the concrete core. The figure clearly demonstrates that all enhancement factors (K f ) associated with a specified column diameter are comparable. However, slightly differences are noticeable for columns with different sizes. Based on the argument mentioned above, it can be concluded that the use of steel tube with high yield stress as generally believed is not necessary. An improvement on the order of 20% can be achieved by utilizing low steel grade. It is also clear from the figure that the average K f for column with diameter 100 mm is about 1.20 while it goes slightly down to 1.16 for larger column with diameter 200 mm. This finding implies that higher concrete volume may need slightly higher confinement to attain the same level of strength improvement.
From general prospective, it can be stated that the variables examined herein may have no effect on the strength enhancement of confined concrete. An improvement about 20% is always governed. This finding agrees with similar trend reported by Rochette and Labossiere [35] who found that excessive confinement was not very effective and improvement of maximum stress may not be achieved. At this stage, introducing ductility may raise a critical issue. 
Ductility aspects
Ductility may be easily defined in case of elasto-plastic behavior-materials; however, in concrete with a lack of such characteristic there is no universal definition for ductility. Thus, in evaluating the ductility performance of the subject CFT columns and study the effects of different variables, a parameter namely 'Ductility Index l' is adopted similarly to that previously reported elsewhere [36] . It is expressed herein as
where E 2 is the area underneath normalized axial load-strain curve up to failure or 25% loss in capacity whichever comes first, and E 1 is the area underneath the idealized curve up to the elastic limit as shown in Fig. 10 . This ductility index 'l' is assumed to provide a reasonable basis for consistent evaluation of CFT column response and can represent the ability of the assembly to undergo large deformation while maintaining its capacity or a significant portion of it. It simply represents the ability of the composite column to absorb energy by post elastic deformation. The normalization of the axial capacity in the index gives a good basis for comparative purposes between various columns with different parameters. The higher is the ductility index the better is the column performance. The normalized axial capacity-strain curves are therefore constructed and illustrated in Figs. 11-13 .
The values of the two calculated energy parameters namely 'E 1 ' and 'E 2 ' in addition to the ductility index 'l' are listed in Table 3 . Results indicates that the ductility index 'l' in the studied CFT columns vary from 12 to 22 throughout the program.
The differences in the values of ductility parameters among the columns emphasize the role of yield stress of steel tube in improving the concrete ductility. Generally, the effect of column diameter on column ductility can be neglected while the effect of yield stress of steel tube on ductility is pronounced. However, no clear trend can be found. It is of interest to state that the highest ductile performance was noticeable where steel 52 having yield stress of 360 MPa was utilized. For column with diameter 100 mm, the index 'l' reach values of 16, 22, and 16 for steel with yield stresses of 240, 360, and 520 MPa. This implies that the ductility of lesser yield stress (360 MPa) is able to reach about 1.35 times higher than the ductility level in comparable but with tube having higher yield stress (520 MPa). Similar finding may be seen in other columns with larger diameters as seen in Fig. 14. It seems that increasing the yield stress of tube from 240 MPa to 360 MPa is essential; however, higher yield stress seems to be ineffective with respect to ductility and to cost. Introducing the cost at this stage raises a critical issue.
Strength-ductility interaction
It is strongly believed that strength and ductility of CFT columns may not necessarily affected by any parameter following similar trends. This statement seems to be true with respect to the yield stress of tube that is plotted herein in Fig. 15 against both Index 'l' and Factor 'K f ' for all studied columns. The figure clearly demonstrates that the optimum yield value for ductility is 360 MPa. Higher yield adversely affects column ductility. Contradictory, strength improvement on the order of 20% can be attained by even the mild steel tube. This confirms the finding mentioned earlier. Therefore, it is very advisable in the area of construction to select the adequate steel type based on studied basis.
Cost aspects
It is strongly believed that strength and ductility of CFT columns may not necessarily. At this stage, the construction of Fig. 16 raises a critical issue. The figure correlates both price and strength enhancement factor (K f ) of each CFT column (on the right y axis) to the ductility index (l) (on the left y axis) as affected by the yield stress of steel tube. The subject yield stresses are 240 MPa (Grade 37), 360 MPa (Grade 52) and 520 MPa (Grade 70), and their commercial prices are 6000, 6700 and 14,000 Egyptian pounds per ton (LE/ton). As evident from the graph, the strength factor K f of the composites are comparable regarding the price, while the ductility index are completely different giving 16, 22, and 16 for 100 mm-columns, 12, 21, and 17 for 140 mm-columns, and finally 17.5, 18.5, and 12 for 200 mm-columns. It can therefore be concluded that the price of steel itself does no reflect its capability for improving neither column ductility nor concrete strength. Again, the selection of the appropriate steel type must ultimately base on the needed target.
Comparison with code provisions
Codes provisions are introduced to calculate the load carrying capacity of CFT columns under concentric loads. Results obtained through the current study and three different design codes [37] [38] [39] are compared in Table 4 . Theses codes are AISC/LRFD [37] , Eurocode 4 (EC4) [38] and ECPSC/LRFD [39] . In fact, these codes present different expressions to predict the load carrying capacity of CFT columns. Regardless the pro and burden of such approaches, the most vital issue is that these codes provisions do not give ductility due importance. Table 4 shows the ratios between the values predicted by codes formulas and results of current research. The comparison clearly indicates that AISC and EC4 design formulas are in good agreement with developed model. Meanwhile, ECPCS/LRFD design formula gives conservative results for all studied parameters as compared with the finite element results. It should be noted that in all calculations of the design codes formulas listed in Table 4 , the resistance factors and material factors are set to one.
Conclusions
Based on the research presented here, the following conclusions can be drawn:
1. A numerical study on the performance of circular highstrength steel tubes filled with concrete (CFT) under monotonic axial loading is presented. A powerful finite element technique using 'ANSYS Software' is utilized. The prime concern is to evaluate the strength and ductility of confined concrete in the concrete-steel assembly. The two parameters namely strength enhancement factor (K f ) and ductility index (l) are clearly defined herein and introduced as powerful tools for assessment. 2. Behavior of concrete is significantly modified due to confinement provided by the presence of external steel tube. Figure 16 Simple cost inquiry. 3. The ductile behaviors of all examined CFT columns are evident from the obtained load-versus-strains plots under axial loading. Actually, the columns responses show different trend that are much better than the typical brittle response of unconfined concrete columns that exhibits sudden collapse without any signs of warning. The ductility index (l) of CFT columns vary from 12 to 22 as compared to a typical value of 4 for comparable unconfined concrete. 4. The enhancement on concrete strength represented by the proposed parameter K f due to confinement seems to be within 18-20% regardless the yield stress of steel tube. This finding implies that the use of steel tube with high yield stress as generally believed is not necessary. 5. Smaller columns exhibit slightly higher concrete strength enhancement providing that the yield stress of steel tubes are comparable. 6. The increase in yield stress has a minimal effect on concrete strength. It should be pointed out that the degree of strength enhancement of concrete confined by steel tube is still a point of debate among researchers. 7. The enhancement in ductility of CFT columns is more pronounced when using steel tube of Grade 52 as compared to Grade 37 and Grade 70. In fact, increasing the yield strength of steel tube from 240 MPa (Grade 37) to 360 MPa (Grade 52) leads to significant improvement in concrete ductility. As expected, the improvement becomes pronounced for small sized-columns (up to 70% improvement). Large columns with diameter 200 mm could not undergo relatively large axial strain (0.032) as compared to a strain of 0.046 achieved by smaller columns (100 mm in diameter). 8. Further increase in yield stress of steel tubes raises a very critical aspect. For comparable column sizes, the use of steel Grade 70 (f y = 530 MPa) leads to significant reduction up to 70% in concrete ductility when compared to those attained when using steel Grade 52 (f y = 360 MPa) but without affecting concrete strength. In fact, the reductions in ductility that is associated with the use of high-tensile steel (f y = 520 MPa) is embarrassing. 9. From the overall prospective, it may be concluded based on verified theoretical evidences that the effect of yield stress of steel tube in CFT columns on improving the concrete ductility is more significance than its effect on increasing the axial load carrying capacity of the column. 10. The improvement in concrete strength when using steel tube with yield strength higher than 240 MPa does not deserve the addition cost when compared to those achieved by higher steel grades. 11. The overall findings indicate that the use of highstrength tube in CFT columns for improving concrete ductility or strength is not promising. Low steel grade seems to be adequate. This finding may seriously be considered for columns subjected to seismic-type loading. 12. The results clearly indicate that the most reasonable steel grade for the purpose of ductility seems to be Grade 52 while any steel grade may be appropriate for the purpose of strength. From general potential, it is very advisable in the area of construction to state that the selection of the appropriate steel type must ultimately base on the needed target.
13. Finally and not least, the design formula proposed by most codes provisions gives conservative results with respect to the column axial capacity; however, regardless the pro and burden of such approaches, the attained ductility levels for CFT columns are not addresses.
